<19)B*BMMW (J P) (12) & ^| 4# ift & (A > 



#■¥10-62555 

(43) ^HB ¥J*10<P(1998)3E6B 



(51) IntCl. 6 




F I 






GO 1 V 1/40 




GO IV 


1/40 




GO IB 17/00 




G 0 1 B 17/00 


Z 


GO IN 29/10 


5 0 6 


G 0 1 N 29/10 


506 


G 0 1 V 1/02 




GO IV 


1/02 


E 


1/133 






1/133 








»#Jg©»20 OL 


(£ 9 H) JMtKlttK 


(2i)aw#fi 


#K¥8-329958 


(71)tBlpA 


591172102 












(22)tBMB 


¥/£8*p(1996)12£10B 




x. x-f. 










SCHLUMBERGER OVERSE 


(31)fc$tetfc£®#*J 


08/570464 




AS SOCIETE ANONYME 


(32)«5feB 


1995^12^ 11 B 






1, * 


(33)ffi5fc#H£3IB 


*H (US) 




)V 7*U- 
>/t— 8 


J x 5 •nyvrjT r 






(72)38W# 




H, x**X 77479, 
















3815 








(74)ftSA 


*ffl± 


-IS 



(54) #7*-;i^f«^it«Sffl*ftRtfSB 
(57) [SJ6] 

#T*-/U (14) j3 9 0ttD|0BfeJg 
U #7*— /H^^y— A> (1 0) 

TV*. Ky-/HW>fc< 1 t> 1 flQliLff&ttS ( 1 
O^fcSfi^ (2 0) fctfLTl^S. *ttflr*<0A&ft 



— ) 
I 



Hi 



20 v 



16 



18' 



/ 
/ 
/ 

/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 

/ 
/ 



y ////// 



32 



,30 



1^36 



fit* 



(£-14 

/ 
/ 
/ 
/ 

^ 19 



8c 
8b 
18o 



-1- 



I 0 0 0 1 ] 
[0 0 0 2] 

-e*>4. rftk©&fl?©£Tte, #t*&ag*»?> »*©*> 5 

UJLoKltfc*<ffi**S|!Bfe1-'<<Klf$*t*. 
[0 0 0 3] JAffSIBlEI** *B&, ift«9T««>«Hfi 

[0 0 0 4] ^T*-^SSSIt#ll*lCj3V^I4, 

©#7*-/w*i(dffi« Lfc*BaiHMaftt«Mt»'<?WJ6 
*LT^a. liirgiffftSr 

It) ft, #T*-A*fe*Ji©KI*#^*Ll.osKy 
^AoT< 5JK»)-C*>5o &Lfc#t>, SHMga* 

- -> > jJ^K it 6 *vt v > 5 Id o • •/> ^ 

-Kmiws. ess»4KHt, Mid, y-/u*# 

|d»oTg«1-5^c7)5/-/^- .K«r££-f5»£* 
<r>*>h<n%-vh\ Mz.t£^y YfflfcO-*- h^HS, * 
®ffl«yid*5^-ci±, *nbi4^F3fa©t>o-c*>5. r,ti 



<DX>foZ>* 

[0 00 5] 9*> ^atlB Jgfcttffl £ < #JS 

fFJM, 8 3 3, 6 5 8»I4, <#«9©R4t 

Sr^LT^So y— A* (£C) '6tt; Afi&ld&S KD/u 
fflf!) 3 l^tS^-SilTV^a K!>>K* MJ5^3 0 
©4S$ld:^T*¥#ft©#7tf;-A' 1 rtldfta^ttT 
V^5 4fl©aHt*E 1 -E 4 XVI 2<@©g«g&R 1 - 

tfO. 2 5mld^LV^R|-eS^ldfifl$tVT*3'9l.O 

g»s»-jBi©iim mitt* uMWHra^fc 

WH3iVCV>5. «t>ifiv>2!{f«tg«S§i©8l!gH:l 
mi LTS3g$4x-C^5. «y-/K0«$l4, H5*> # 

3, 15) i©M©g6mid!?L<gtR$*vCV>5. 
A-5 1**7*-* 1 fcfto"C*Mi *jxJ.oaSflM»E I* 
5, 0 0 075311 0, 0 0 0 H z 0>*6Hfi£>J58t*"C* 
U J-oSffiSlRI^ESSiSVRltSiOil 

^ttswsw¥*&e«^aidj;oTai$-fe^^a v^ac 

±B" 6 5 84Mffc*J^-C!iJlSS*vO*$ 
7^a-fM^5 ^ (4fc-5#^ld|4Sb^1-5iS, 
»^L*^#g-dS^fe5 0 K' 6 5 8^14, d.<Dd. 

•5t.©-CI4^V\ 
[0 00 6] 

t*4JHfct)Offc-9t, JaeSUfc|BUl*s**i«tB*l 
ftfi 1 * 5 d. t * prtBi i-5RlrtF««Jia«Sr««i-5 
[0 0 0 7] 

b mm rt^oaaEs $ ffl ©& 5 «sh $r^« l , 

Sr^T*-/vrtldtt«ft» |filS'>/<c< t 1 IB©¥ 



-3- 



^0 8/5 2 7, 7 3 6^fci£HM£iB«£;h/-C^3. - 

/wy-^/W^xltcOG P I Ty-^) 2 3Si;-r h V 

[0015] V— l 0 tttfT*— l 4 £±Tl^fb 
8 Ig^^Hfc 
flit, ^r-CifeT«3gfe!-J:oTS*t$tb, ioSft§§ 

S©*«jC*J(-J5?&**>f-/l'2 5~.J£&U fcVT?8 

2 6liFf^CJCCy— ;H 0£#T*— /H*3i;:*5l^T# 
^»#$-e-5„ i£fI2§T 1 8Rtfg«BTl"< 2 0 
fc**©3S«fc©W©«ft«l«8ttt. K7AXljf)Yy 

5„ asy b 3 Ote, y— /H 0~®^#rtf-5§-£i£9.a 
O-tH^b^-^/H 2&tm:&#2 8^LT^©i 

2 0a»e>©«-J§-£sKT*— A'l 4rt©-t*V? r ;h,©8S£ 

g«2§7 W20 ©W*tt, as. s»K3 0 ^*Jlt5^7' 

*u tttiMwseii; sin; «ftflr*a/j*r#T*- 

/uJi»)©lfcT©lfiJl©EHfeS::/y V HfXliVDU3 

7lW^l/-i/ 3 V&te/fi LT#T*-/m U ©KU 

[0016] 18a, 18b, 18c liSlSCtfJ 

fc#B1$1T85, 04 3, 9 5 2^- <£ t> *W*ffl 



LTl^S. rjlfett«*0*«tWiaffl«l 
*ttLfc^r^fc'7 i -<4 2rttC^$HTV^5t' , ^/-fe7 

5 y ^ nia 4 o sr^r ut* *» , f«4 4 

»WIOt?K (JE*) £&S£^l*3ffl©*^<t©W 
©3SttfiWHMMfc«r«TI&i LTV>$o *R«*¥«2rK& 
>^-t"5fc*lc:mffi4 6 ^3>UT^?7-T^7 P 
f^x/t7? y^RfSH o~.®ttij-f>*vc^;5„ «S 
4 6 HRniai^«EE«rH]10i- 5 y * 
n« 4 0 ©rt«*ffiftlWm*ffi~ftf+rt btvTfc <? , 
fl^B*Rtt©*£Rtf2H6Srifcfc<S*, *©»£{*: 

[0017] *jMMHfcc*A'*felfclt&**fc«>lc, 
SHt&i 8tt*W»ttfc*^ii*ltlfc:bfc!> V 

J ?^^7 1 >»3ii9^iK4 8?r#L-C*J!9, *ix**ft 

KliieS:BSltL-CV>5 0 Z.<J>* > if * 
7>m^m-i, ?v^7>7y»^«^fft7*f;^* 

[0 0 1 8] EI2IC:Jo^T, 3m<0&1M&&*&tlX^ 

■rzzt tfitmxhz r t Ktomxbz. 2f@ 

©J^ffi 307^-f (9. 14 m) <DVmM 
^rfia«)<t*&*s*>5. aHB»©IW©IBHtt, J£«5B 

©«?3tai$*afifci--<<a«$4xTv^. a&fs«i s a 

t 1 8 b t©fflCD|aj|iBttj^4 7-C- h (1. 2 2m) f 
fo *) , JLoi^ff^ 18bil8ci ©M©WSS»4*S) 3 7 
^-b6^^ (1. 0 7m) -CfcS. ^PjttfclilSE 

BW©fc*(Ci5lft^l 8 c(C*5V^T^-T K»7*^(ft 

■ $ttTv>5. :©A-f Ko7tyil t7"->syiL 

mmmi 8 c tsflr«t©iHi©wBStt, 

jj, «flr«©IB©IWHttaj»fl©a5StSi*Sr**.5fc» 
[0019] gft^T M20 



-5- 



-/n&iWfcfffti-s tot r. t #TOT 

[0 0 3 3] JJ«T*-A'lc*iV^R*tW36Srff*5-B8 

[0 0 3 4] !7^-V5-f V&tfKU D ^^L 

JBfcfc^Ttt:, «HtlKISLfcLWD*K«Wiy-/i'OllB 

So 

[0 0 3 5] £jLL> *»S^JWtt&*li©*«K:ov*T 



So 

[Hi] tt*0#7*-/uRW«{|«ft*s/;*y.fcfc* 

[S3] *%w\z&m^mtewsm%dML&*Lizim 

[14 ] Sj»flr*©*ftl*r*»i-S^y Kfra-TJI 

i o mssatwttaKjay-A- 

l 2 >r—-f/v 

1 4 tK7#— A' 

i 6 mm 

1 8 j»t 8 

1 9 8iRii& 

2 0 gff 3§7 w 

2 2 mm%s 

2 3 ^-UaiVf— >a 

2 4 h h!J yi? 

3 0 y-AHMfP&OTHMMBK 
3 2 Si$fB«fc3§ 

3 6 m*&m%> 

3 8 VDU (fftf^^yKas^h) 



[04] 




26 24 22 20 18 16 14 12 10 8 6 4 2 0 

am8-s«»*5*fh (ft) 



-7- 



[H2] 



25 



/ 
/ 
/ 

/ 
/ 
/ 

is / 

/ 
/ 
/ 
/ 

18^/ 

/ 
/ 



r 

-12 



,» 26 



[/////// 



:[>23 



)OC (7*— 14 

>o< 



VZ7 




^32 

SSffi&ffi I- 1 



30 



36 



VDU 



38 



(51) Int. Cl. 6 ftJgiJIE-?- /ff*9g3#^ FI SflfS^ffigr 

G 0 1 V 1/28 G 0 1 V 1/28 



r 

-9- 



Priority Application Filed in English 
US PTO Serial No. 08/570,464 



METHOD AND APPARATUS FOR BOREHOLE ACOUSTIC REFLECTION 

LOGGING 

FIELD OF THE INVENTION 

The present application relates to a method and apparatus for use in borehole logging 
which involves detecting acoustic reflectors in the formation surrounding a borehole 
using acoustic signals generated and received in the borehole. 

BACKGROUND OF THE INVENTION 

Acoustic techniques for formation characterization are well known. All of these 
techniques involve transmitting an acoustic signal from a source to a receiver via the 
formation of interest. The frequency of the signal can vary from very low frequencies in 
seismic applications through sonic frequencies to ultrasonic frequencies, depending on 
the particular technique used. Most borehole logging involves the measurement of the 
time for a sonic signal to pass substantially directly from the source to the receiver via the 
formation at the borehole wall. Often the measurement is designed to record these direct 
arrivals and to exclude any signals due to reflections. Alternatively the received signals 
might be filtered to remove any signal due to reflections. 

Seismic surveys generally involve the use of reflected acoustic signals, typically at very 
low frequencies, to detect structures below the earth's surface. The source of the signals 
and/or the detectors are usually located at the surface. Borehole seismic techniques place 
one of these inside the borehole. 

In borehole acoustic reflection surveys, the measurements are made with acoustic 
transmitters and receivers placed in the same borehole. This configuration is best suited 
for recording reflected wave fields from acoustic reflectors that have small angles with 
the boreholes axis. For example, near-vertical fractures, faults and salt-dome flanks are 



good borehole reflection targets for near-vertical wells. Near-horizontal bed boundaries, 
fluid contact interfaces (gas/oil or oil/water) and stringers inside reservoirs are good 
targets for highly-deviated and horizontal wells. The desired events (reflections) in 
borehole reflection surveys are the waves that propagate from the borehole to the reflector 
in the formation and back to the borehole. A significant portion of the acoustic energy 
from the transmitter, however, propagates directly to the receiver array. These direct 
waves include compressional- and shear-headwaves, tube waves (Stoneley waves), fluid 
and borehole modes and various casing modes if the well is cased. The direct waves may 
also include various tool modes that propagate along the tool body. In acoustic logging 
applications some of these direct waves, e.g. the headwaves and Stoneley waves, are used 
to log formation properties. In reflection survey applications, however, they are 
unwanted. The direct waves are typically much larger than reflections. 

Reflection imaging around a well using downhole acoustic measurements has been 
proposed previously, in particular for use in horizontal wells for determining the position 
of the top or bottom of a reservoir in relation to the borehole. US Patent No. 4,833,658 
discloses a method of processing signals to determine the positions of reflectors around a 
horizontal well. Figure 1 shows the system described in the '658 patent. A tool 5 
comprises four transmitters Ei - E 4 and twelve receivers Ri - R n positioned in a 
horizontal borehole 1 at the end of a drill string 30 coupled to a drilling derrick 31 at the 
surface. The transmitters are separated from each other by a constant interval equal, for 
example, to 0.25m, and the receivers are separated from each other by a constant interval 
equal, for example, to lm. The separation of the closest transmitter and receiver is 
sugested as lm. The length of the tool is selected to be at most equal to the distance 
between the borehole and the most distant reflecting structure (interface 13, 15) of 
interest. The tool 5 is logged along the borehole 1 and the transmitters E operate to 
produce acoustic signals with frequencies in the range of 5,000 - 10,000 Hz and the 
receivers R receive both direct and reflected waves. The received signals are analysed to 
determine the average propagation velocities of the direct (refracted) and reflected waves. 
A time section is determined from the signals corresponding to the reflected waves and 
the time section is converted to a depth section by means of the average propagation 
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velocity of the reflected waves. The position of the reflecting interface is determined from 
this depth section. While the approach and parameters suggested in the '658 patent will 
work in some cases, there are many cases in which they will not. The '658 patent does not 
recognize this and provides no teaching which would suggest appropriate modifications 
to the technique to allow it to work in all circumstances. 

It is an object of the present invention to provide a technique for reflection acoustic 
logging in which the problems identified above are less significant and which will allow 
measurements to be made in a wider range of formations. 

SUMMARY OF THE INVENTION 

A method of imaging formations surrounding a borehole according to the invention 
comprises determining the diameter of the borehole; determining an acoustic attenuation 
property of the formations; determining a range of interest for depth of investigation into 
the formation from the borehole; positioning a tool in the borehole, the tool having at 
least one monopole transmitter and at least one acoustic receiver separated therefrom by a 
distance selected according to the range of interest of the depth of investigation; 
transmitting, with the at least one monopole transmitter, acoustic signals into the 
formation at a frequency selected according to the diameter of the borehole, the acoustic 
attenuation property of the formation and the range of interest for depth of investigation; 
receiving the acoustic signals at the at least one receiver which have been reflected from 
structures within the formation; analyzing the received acoustic signals to determine the 
distances of the reflecting structures from the borehole; and generating an image of the 
position of the reflecting structures with respect to the borehole on the basis of the 
determined distances. 

Apparatus according to the invention for imaging formations surrounding a borehole, 
comprises a tool body; at least one monopole transmitter positioned on the tool body for 
transmitting acoustic signals into the formation at a frequency selected according to 
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borehole diameter, a predetermined acoustic attenuation property of the formation and the 
range of interest for depth of investigation; at least one acoustic receiver positioned on the 
tool body and separated from the at least one transmitter by a distance selected according 
to a range of interest of depth of investigation, the at least one receiver receiving the 
acoustic signals which have been reflected from structures within the formation; means 
for analyzing the received acoustic signals to determine the distances of the reflecting 
structures from the borehole; and means for generating an image of the position of the 
reflecting structures with respect to the borehole on the basis of the determined distances. 

By taking into account the attenuative properties of the formation, the effect of borehole 
diameter and the desired depth of investigation, it is possible to configure and operate the 
tool so as to optimize performance over a range of conditions which has not been 
previously possible. 

One particularly preferred use of the invention is the imaging of the formation around the 
borehole, especially when the borehole is horizontal. The reflected signals can be 
analyzed to identify the position of reflecting structures such as reservoir boundaries, salt 
domes or fractures in the formation relative to the borehole and the positions can be 
represented as an image which can be used to characterize the formation. 

It is preferred to use one or more transmitters and an array of receivers. While a single 
transmitter can be used in certain circumstances, the range of depths of investigation is 
often limited. Thus the use of more than one transmitter is preferred so as to provide 
sufficient range in the transmitter to receiver spacing to provide a good range of depths of 
investigation. Two or three transmitters are believed to provide the best compromise 
between range and the physical and operational requirements of a borehole tool. Axial 
receiver arrays provide increased reflected event amplitudes with respect to the tube 
waves. A typical receiver array will comprise eight axial receiver stations with each 
station separated by an equal distance, for example six inches. Azimuthal receiver arrays 
allow the determination of the azimuthal position of reflecting bodies in the formation 
with respect to the borehole. Four hydrophones disposed around the tool axis at each 
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receiver station are preferred. By recording the waveforms at each hydrophone at each 
station, signals can be compared and the direction from which the reflection has arrived 
can be determined. 

The frequency of the transmitted acoustic signals is selected according to borehole 
diameter, the nature of the formation and the desired range of investigation. Frequencies 
can range from 100Hz or lower for long range imaging in an attenuative medium to 
20kHz or higher for short range, high resolution imaging in a non-attenuative medium. 
For typical monopole sources suitable for the present invention, the frequency is usually 
in the range of 1 kHz to 15 kHz. 

In order to prevent part of the direct tube wave signal from propagating past the receiver 
(or transmitter) and reflecting back to the receiver from structures inside the borehole so 
as to interfere with the reflected signals from the formation, it is preferred to used one or 
more attenuators positioned in the tool string. These are preferably of the form described 
in co-pending application no. 08/527,736 (incorporated herein by reference). 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 shows a general schematic view of a prior art borehole reflection imaging 
system; 

Figure 2 shows a schematic view of a borehole reflection imaging system according to the 
invention; 

Figure 3 shows a monopole source for use in the invention; and 

Figure 4 shows a plot of the headwave arrivals limiting the detection of reflected signals. 
DESCRIPTION OF THE PREFERRED EMBODIMENT 

Figure 2 shows a schematic view of a borehole acoustic reflection imaging system 
according to one embodiment of the present invention. A sonic reflection imaging tool 10 
is shown lowered on an armored multiconductor cable 12 into a borehole 14, which can 
be cased or uncased, to make sonic measurements for imaging of the subsurface 
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formation 16. In cases where the borehole is deviated from vertical, especially when 
horizontal, the cable 12 can be run inside drill pipe or tubing such as coil tubing which 
allows the tool 10 to be pushed into the well when gravity is insufficient or unable to 
move the tool to the depth of interest. The tool 10 is provided with transmitters 18a, 18b, 
18c and a receiver array 20 immediately adjacent thereto which are described in more 
detail in US Patents Nos. 4,850,450, 5,036,945 and 5,043,952 all of which are 
incoporated herein by reference. The separation of the transmitter and receiver array is 
achieved by using a spacing body 19 which incoporates a sonic isolation joint such as is 
described in US Patent No. 5,036,945. The length of the spacing body 19 is selected 
according to the range of interest of the depth of investigation. For example, a typical 
length of a spacing body is 32' and the overall distance from the farthest transmitter 18a 
to the farthest extent of the receiver array 20 is 43'. One or more tube wave attenuators 22 
can be provided at both ends of the transmitter/receiver array section to reduce interfering 
effects of reflected tube waves in the borehole. These attenuators and their function are 
described in detail in co-pending application no. 08/527,736, incorporated herein by 
reference. Such attenuators can also be used between transmitters and the receiver array if 
required. An orientation device (e.g GPIT tool of Schlumberger including magnetometers 
and accelerometers) 23 and a telemetry cartridge 24 complete the downhole tool. 

The tool 10 is adapted from movement up and down borehole 14, and as the tool 10 is 
moved, the transmitters 18 periodically generate sonic signals. The generated sonic 
signals travel through the borehole and/or through the formation where they are reflected 
by underground structures, and the receivers in the receiver array 20 typically detect some 
energy which results from the generated signals. The mechanism for moving the tool 10 
in the borehole includes the cable 12 which extends to the sheave wheel 25 at the surface 
of the formation, and then to a suitable drum and winch mechanism 26 which raises and 
lowers the tool 10 in the borehole as desired. Electrical connection between transmitter 
array 18 and receiver array 20 on the one hand, and the surface equipment on the other 
hand, is made through suitable a multi-element slipring and brush contact assembly 28 
associated with the drum and winch mechanism 26. A unit 30 contains tool control and 
pre-processing circuits which send electrical signals to the tool 10 and receive other 
electrical signals (sonic logs) therefrom via cable 12 and assembly 28. The unit 30 
cooperates with a depth recorder 32 which derives depth level signals from a depth 
measuring wheel 34 so as to associate the signals from receiver array 20 with respective 
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depth levels in borehole 14. The outputs of the receiver array 20, after optional pre- 
processing in unit 30, are sent to signal storage 36, which can also receive signals from or 
through depth recorder 32 so as to associate sonic receiver outputs with respective depth 
levels in the borehole 14. Storage 36 can store the outputs of the receiver array 20 in the 
form of digital sonic log measurements. Storage 36 can comprise a magnetic storage 
device such as a disk or tape, and/or other storage media such as semiconductor or 
equivalent memory circuits. The stored digital data can then be processed to provide an 
image of the underground formation surrounding the borehole either as a printed image or 
displayed on a VDU 38. Kirchhoff-type migration of the data, such as is commonly used 
in seismic processing, is used to derive the image of the reflecting structures around the 
borehole. 

Each transmitter 18a, 18b, 18c comprises a monopole source which is substantially as 
described in US Patent No. 5,043,952 (incorporated herein by reference) and shown in 
Figure 3. These are substantially the same as the monopole source used in conventional 
sonic logging applications. The source comprises piezo-ceramic cylinder 40 held in an oil 
filled cavity 42 defined by a corrugated container 44, the corrugations of which allow for 
differential changes in volume between the mud outside and the oil inside the corrugated 
container. A power amplifier is attached to the piezo-ceramic cylinder 40 via an electrode 
46 for polling the cylinder radially. The electrode 46 is attached to the inner and outer 
surfaces of the piezo-ceramic cylinder 40 for applying a voltage to the cylinder which 
causes it to expand in length and radius, thereby causing a volumetric expansion resulting 
in the generation and propagation of compressional waves into the borehole, and of both 
compressional waves and shear waves into the formation. 

In order to radiate acoustic energy efficiently, the transmitters 18 are designed to operate 
near geometrical resonances which unavoidably will ring for a long time. A damping 
mechanism has been introduced to stop this ringing which comprises a rubber-tungsten 
backing material 48 for the acoustic signal source to provide a good impedance match as 
well as damping to the attached structure. The rubber-tungsten backing also prevents the 
additional fluid mode excitation when the transducer is immersed in the fluid. The 
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rubber- tungsten composite comprises a butyl rubber skeleton loaded with tungsten 
powder. The impedance and attenuation of the backing will depend on the percentage of 
tungsten, the degree of compaction of the powder and the degree of vulcanization as well 
as adherence of the rubber onto the powder. 

In Figure 2 three transmitters are shown although it will be appreciated that the invention 
can be performed with more or less transmitters than this. For example, two transmitters 
can give a range for the depth of investigation of the order of 30' which would be 
adequate in certain circumstances. The spacings between the transmitters has been 
selected to achieve a wide range of depths of investigation. The separation between 
transmitter 18a and 18b is about 4' and between transmitter 18b and 18c is about 3'6". 
The considerations for selecting the best spacing for given circumstances are discussed in 
more detail below. A hydrophone is positioned in transmitter 18c for the purpose of 
monitoring the output of the source. This hydrophone optionally can also be used as a 
short spaced receiver. The spacing between transmitter 18c and the receivers can be 
increased to provide an increased depth of investigation. Alternativley, the spacings 
between the transmitters can be increased to provide multiple depths of investigation. 

The receiver array 20 comprises eight receiver stations spaced 6" apart vertically, each 
station having four hydrophones disposed circumferentially at 90° intervals about the tool 
making a total of 32 hydrophones. This array is described in detail in US Patent No. 
5,036,945. The signals detected at each hydrophone are recorded separately and the 
signals received by the array analyzed to provide the direction and distance of reflecting 
structures from the borehole. 

The orientation device 23 allows the position and orientation of the tool in the borehole to 
be determined. Accordingly, the direction from which the reflections arrive can be 
determined and it is possible to determine whether a reflector is above or below the 
borehole in a horizontal well, or its direction relative to the borehole in a vertical well. 
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The imaging range (window) of reflectors away from the borehole is limited due to 
several reasons. First, in most cases this window, shown as region X in Figure 4, is 
terminated by the shear-headwave and tube waves which are typically much larger than 
the reflected compressional waves. For a reflector parallel to the borehole axis, the arrival 
time of a compressional-wave reflection is approximately given by 

time - = —grange 2 + offset 2 (1) 
v p 

where range is the distance of the reflector from the borehole, offset is the transmitter- 
receiver offset, and v p is the compressional-wave speed. The direct shear wave arrival 
times, defining the end of the imaging window, are given by 

time dir ~ offset I v s (2) 

The maximum distance from the borehole, that can be imaged with the large-offset 
approach, is obtained by setting equation (1) equal to (2) and solving for range, giving 



range^=0.5offset^^ -1 (3) 

v 

For example, for a typical value of — = 1.73, the maximum range is given by 

ran 8 e imx ~ 0 J offset . In more general form, v s above represents the velocity of the first 
dominating direct wave following the compressional headwave. There is also a minimum 
range limit. Reflections from very-close reflectors can be masked by the ringing of the 
direct waves. The duration of the ringing is inversely proportional to the bandwidth of the 
direct wave, and it very much depends on the acquisition parameters such as the spectral 
output of the transmitter. Resonance frequencies of the interfering direct waves should be 
avoided to reduce the ringing duration. For example, for a formation with compressional 
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velocity of 10,000 ft/sec (100 jxsec/ft), the minimum range is approximately 5 ft for 1 kHz 
bandwidth, and 10 ft for 500 Hz bandwidth. 



The second reason for the range limitation is the rapid decrease in reflected-wave 
amplitudes due to geometrical spreading and attenuation. Amplitude decrease due to 
geometrical spreading is approximately proportional with the total distance traveled by, 
or the arrival time of, the reflected event. The amplitude decrease at large offsets due to 
attenuation can be even more significant than the geometrical spreading. The dependence 
of the reflected-wave amplitudes on attenuation, frequency and distance is given by 



where / is the frequency, d is the reflection ray path, and Q is a number representing 
attenuation properties of a medium. Q values can vary significantly, from 5 for a very 
attenuative medium to 100 for an ideally non-attenuative medium. The above equation 
shows that amplitude decrease due to attenuation increases exponentially with the 
propagation path length of the reflected event which increases with the offset. The 
frequencies employed can range from 100 Hz (or lower) for long-range imaging in 
attenuative medium, to 20 kHz (or higher) for short-range, high-resolution imaging in 
non-attenuative medium. 

The duration of each pulse from the source and the number of measurements made at the 
receiver array for each pulse depends on the ability of the system to record data. It may be 
necessary or desirable to use a number of pulses and record the data from different sets of 
hydrophones for each pulse which are then stacked to ensure that measurements are made 
for all combinations of transmitter and receiver in the array. This can be done while 
moving the tool through the borehole a normal logging speeds. 

The signals received by each of the hydrophones are treated in essentially the same 
manner as signals received by hydrophones in a seismic array and an image is produced 




(4) 
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using the same techniques. Thus an image can be produced along the borehole axis (depth 
axis) and azimuthally around the borehole. By recording complete waveforms at each 
azimuthal hydrophone position, it becomes possible to determine the time at which a 
given reflected signal is detected at each position and hence the direction from which it 
has arrived. For example,in a horizontal borehole, if a given reflection is detected first at 
the uppermost hydrophone followed by detection at lower hydrophones, the reflecting 
structure can be indentified as being above the borehole, and vice versa for a reflector 
below the borehole. 

The apparatus descibed above for making reflection measurements in a borehole might 
also be used to obtain conventional refracted data for evaluation of formation properties 
in a known manner, in which measurements considered unneccessary for this invention 
such as headwave measurements, might be used to determine formation parameters. Also, 
the general approach described above can be applied to cross-well imaging provided that 
the wells are sufficiently close together. 

The present invention is applicable to both wireline and logging-while-drilling 
applications. In LWD applications, the apparatus forms part of a bottom hole assembly 
above a drill bit, in the manner of previously proposed LWD sonic logging tools. 
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WE CLAIM 

1 A method of imaging formations surrounding a borehole, comprising: 

a) determining the diameter of the borehole; 

b) determining an acoustic attenuation property of the formations; 

c) determining a range of interest for depth of investigation into the formation 
from the borehole; 

d) positioning a tool in the borehole, the tool having at least one monopole 
transmitter and at least one acoustic receiver separated therefrom by a distance 
selected according to the range of interest of the depth of investigation; 

e) transmitting, with the at least one monopole transmitter, acoustic signals into 
the formation at a frequency selected according to the diameter of the borehole, 
the acoustic attenuation property of the formation and the range of interest for 
depth of investigation; 

f) receiving the acoustic signals at the at least one receiver which have been 
reflected from structures within the formation; 

g) analyzing the received acoustic signals to determine the distances of the 
reflecting structures from the borehole; and 

h) generating an image of the position of the reflecting structures with respect to 
the borehole on the basis of the determined distances. 

2 A method as claimed in claim 1, wherein the frequency is selected so as to avoid 
the resonant frequency of headwaves travelling from the transmitter to the 
receiver. 

3 A method as claimed in claim 1, wherein the frequency is selected to optimize 
coupling of reflected acoustic signals into the borehole. 

4 A method as claimed in claim 1, wherein acoustic signals of more than one 
frequency are transmitted and detected. 
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A method as claimed in claim 1, comprising transmitting acoustic signals from a 
plurality of transmitters, which are spaced from the at least one receiver by 
differing distances so as to increase the range of depth of investigation 

A method as claimed in claim 1, comprising receiving reflected acoustic signals 
with an array of receivers. 

A method as claimed in claim 1, comprising receiving reflected signals at a 
purality of azimuthal positions around the tool. 

A method as claimed in claim 7, further comprising analyzing the received signals 
to determine the direction of the reflecting structures from* the borehole. 

A method as claimed in claim 7, wherein complete waveforms are recorded at 
each azimuthal position. 

Apparatus for imaging formations surrounding a borehole, comprising: 

a) a tool body; 

b) at least one monopole transmitter positioned on the tool body for transmitting 
acoustic signals into the formation at a frequency selected according to borehole 
diameter, a predetermined acoustic attenuation property of the formation and the 
range of interest for depth of investigation; 

c) at least one acoustic receiver positioned on the tool body and separated from 
the at least one transmitter by a distance selected according to a range of interest 
of depth of investigation, the at least one receiver receiving the acoustic signals 
which have been reflected from structures within the formation; 

d) means for analyzing the received acoustic signals to determine the distances of 
the reflecting structures from the borehole; and 

e) means for generating an image of the position of the reflecting structures with 
respect to the borehole on the basis of the determined distances. 
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11 Apparatus as claimed in claim 10, wherein the acoustic receiver comprises an 
axial array of hydrophones. 

12 Apparatus as claimed in claim 10, wherein the acoustic receiver comprises a radial 
array of hydrophones 

13 Apparatus as claimed in claim 10, wherein at least two axially spaced transmitters 
are provided on the tool body. 

14 Apparatus as claimed in claim 10, wherein the frequency of the acoustic signals is 
in the range 1 kHz to 15 kHz. 

15 Apparatus as claimed in claim 12, wherein the radial array comprises hydrophones 
disposed at 90° intervals around the tool body. 

16 Apparatus as claimed in claim 15, wherein each hydrophone records substantially 
complete waveforms. 

17 Apparatus as claimed in claim 16, wherein the means for analyzing the received 
acoustic signals analyzes the waveforms from each hydrophone so as to determine 
the direction of the reflecting structure from the borehole. 

18 Apparatus as claimed in claim 10, further comprising an acoustic receiver 
positioned at the at least one transmitter. 

19 Apparatus as claimed in claim 11, wherein the axial array comprises eight 
substantially equidistantly spaced receiver stations. 

20 Apparatus as claimed in claim 19, wherein each receiver station comprises four 
hydrophones disposed at 90° intervals around the tool body. 
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ABSTRACT 

A method of imaging formations surrounding a borehole, includes the steps of 
determining the diameter of the borehole; determining an acoustic attenuation property of 
the formations; determining a range of interest for depth of investigation into the 
formation from the borehole; positioning a tool in the borehole,transmitting acoustic 
signals from the tool into the formation; receiving the acoustic signals at the tool which 
have been reflected from structures within the formation; analyzing the received acoustic 
signals to determine the distances of the reflecting structures from the borehole; and 
generating an image of the position of the reflecting structures with respect to the 
borehole on the basis of the determined distances. The tool has at least one monopole 
transmitter and at least one acoustic receiver separated from the transmitter by a distance 
selected according to the range of interest of the depth of investigation. The frequency of 
the acoustic signal is selected according to the diameter of the borehole, the acoustic 
attenuation property of the formation and the range of interest for depth of investigation. 
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